We observed parametrically down converted x-ray signal photons that correspond to idler photons at optical wavelengths. The results demonstrate a new method for probing valence-electron charges and microscopic optical responses of crystals at the atomic-scale resolution.
Spectroscopy is usually done with visible or infrared radiation. Consequently, the spatial resolution is limited to macroscopic scales. Nonlinear interactions of x-rays and optical radiation can provide insight into the microscopic structure of chemical bonds and the valence electron density of crystals and into light-matter interactions at the atomic-scale resolution [1, 2] . The wavelengths of the x-ray source provide the high resolution, whereas the optical fields interact with the valence electrons. Hence this probe has a great potential in the study of microscopic optical properties of materials. The main challenges are the very weak nonlinearity and the proximity of the phase matching angles to the Bragg angle. Since Bragg scattering is many orders of magnitude stronger than the nonlinear effect, the observation of the latter requires a high quality pump beam and high quality energy filters. X-ray and optical wave mixing has only been observed by measuring the sum-frequency generation (SFG) effect between short pulses from a Ti:Sapphire laser and x-ray pulses from an x-ray free-electron laser [3] . However, the use of SFG as a probing tool is limited to transparent materials with high optical damage thresholds. PDC of x-rays to optical wavelengths, requires only one x-ray input beam, can be performed with synchrotron radiation, and can be used to evaluate the optical properties of opaque materials. This can be used to overcome the challenges of using SFG of x-rays and optical radiation. However, the experimental observation of parametric down-conversion (PDC) of x-rays to optical wavelengths has never been reported.
Here we present measurements of the x-ray signal generated during the process of PDC for idler photons at optical wavelengths [4] . The schematic of the experimental system is shown in Fig 1. The nonlinear crystal is a Fig. 1 : Schematic of the experimental setup. The scattering plane of the analyzer is normal to the scattering plane of the diamond. S1 and S2 are the slits before the analyzer and before the detector, respectively. diamond crystal and the reciprocal lattice vector we use to comply with the phase-matching conditions is normal to the C(220) atomic planes. We use a synchrotron source with a highly collimated monochromatic beam and a high-resolution crystal analyzer to measure the x-ray signal, which is generated by the process of PDC of x-rays into optical radiation. The crystal analyzer relies on Bragg diffraction and is used to filter out the Bragg diffraction from the nonlinear crystal,
The spectrum of the PDC x-ray signal corresponding to idler energies (wavelengths) in the range of about 3-21 eV (60-400 nm) is shown in Fig. 2(a) . The narrow peak on the left is the residual elastic and the wide peak on the right is the PDC signal. The peak of the PDC signal corresponds to the highest nonlinear coefficient. A measurement of the PDC x-ray signal as a function of deviation of the crystal angle from the phase-matching angle is shown in Fig. 2(b) . The small peak on the left is the residual elastic scattering and the peak on the right is the PDC signal. The difference between the positions of the simulated and the measured peak is mainly because of the finite acceptance angle of the detector and the analyzer bandwidth, which introduce uncertainties into the values we use in our simulations. Since we integrate over the different modes of PDC within the solid angle of the detector and the bandwidth of the analyzer in our simulations the simulated peak is not found at the phasematching angle. Figure 2(c) shows the x-ray signal count rate as a function of the deviation of the angle of the detector from the Bragg angle (with respect to the atomic planes). The two peaks on the left and on the right of the central peak correspond to the PDC signal, which correspond to the two solutions of the phase-matching equations. The central peak is the residual elastic scattering. The measured angular separation between the two solutions and the ratio of their count rates are in agreement the simulations. We evaluate the nonlinear susceptibility from the measured efficiencies of the rocking curves of Figs. 2(b) and 2(c) as (2) -17
(220) = 2x10 m / V and find agreement with the theory and with the results of x-ray/optical sum-frequency generation experiment [3] .
In conclusion, we demonstrated the measurements of the x-ray signal of phase-matched PDC corresponding to optical idler photons at several wavelengths in the range of 280-650 nm. We showed that with a careful design it is possible to observe nonlinear mixing between x-rays and optical radiation at high count rates and signal-tonoise ratio by using conventional third-generation synchrotron sources. Further extension of our procedure will lead to the development of a new spectroscopy tool for probing microscopic valence charge densities and optical properties of materials with the atomic scale resolution. This novel spectroscopy tool can be used to test and improve the understanding of condensed matter physics. 
